
IEEE TRANSACTIONS ON PATTERN ANALYSIS AND MACHINE INTELLIGENCE, VOL. 48, NO. 1, JANUARY 2026 693

REST: Holistic Learning for End-to-End Semantic
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Abstract—Semantic segmentation of remote sensing imagery
(RSI) is a fundamental task that aims at assigning a category
label to each pixel. To pursue precise segmentation with one or
more fine-grained categories, semantic segmentation often requires
holistic segmentation of whole-scene RSI (WRI), which is normally
characterized by a large size. However, conventional deep learning
methods struggle to handle holistic segmentation of WRI due to
the memory limitations of the graphics processing unit (GPU),
thus requiring to adopt suboptimal strategies such as cropping or
fusion, which result in performance degradation. Here, we intro-
duce the Robust End-to-end semantic Segmentation architecture
for whole-scene remoTe sensing imagery (REST). REST is the first
intrinsically endtoend framework for truly holistic segmentation
of WRI, supporting a wide range of encoders and decoders in a
plugandplay fashion. It enables seamless integration with main-
stream semantic segmentation methods, and even more advanced
foundation models. Specifically, we propose a novel spatial parallel
interaction mechanism (SPIM) within REST to overcome GPU
memory constraints and achieve global context awareness. Unlike
traditional parallel methods, SPIM enables REST to process a
WRI effectively and efficiently by combining parallel computation
with a divideandconquer strategy. Both theoretical analysis and
experiments demonstrate that REST attains nearlinear through-
put scalability as additional GPUs are employed. Extensive ex-
periments demonstrate that REST consistently outperforms exist-
ing cropping-based and fusion-based methods across a variety of
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scenarios, ranging from single-class to multi-class segmentation,
from multispectral to hyperspectral imagery, and from satellite to
drone platforms. The robustness and versatility of REST are ex-
pected to offer a promising solution for the holistic segmentation of
WRI, with the potential for further extension to large-size medical
imagery segmentation.

Index Terms—Holistic segmentation, whole-scene remote
sensing imagery, spatial parallelism, semantic segmentation, deep
learning.

I. INTRODUCTION

R EMOTE sensing plays a crucial role in studying and
understanding the causes and effects of global environ-

mental changes [1], [2], [3] while also in promoting sustainable
development [4], [5]. Many application tasks heavily rely on
the capability to perform automatic semantic segmentation of
remote sensing imagery (RSI) [6], [7], [8]. So far, although
deep learning-based semantic segmentation of RSI has made
much progress in recent years [9], [10], [11], it is often limited
to handling small-size image tiles due to graphics processing
unit (GPU) memory limitations [12]. In particular, the recently
developed remote sensing foundation models (RSFMs) [13],
[14], [15], while demonstrating superior capabilities compared
to traditional deep learning-based methods [16], [17], [18],
are usually constrained to processing small image tiles due
to their large number of parameters. Significantly, the limited
information available within small-size image tiles poses a major
challenge for the semantic segmentation of RSI [19].

As demonstrated in Fig. 1, when only a relatively small-size
image tile (i.e., the red box) is provided, the limited receptive
field in the figure makes it difficult to determine the specific
category, particularly when the tile consists of many homoge-
neous pixels. This difficulty is further amplified when attempting
to distinguish between fine-grained semantic categories that
exhibit visual similarity in a small-size image tile, such as river
and lake. In contrast, given a large-size image tile (i.e., the yellow
box) or even the whole-scene RSI (WRI), we can holistically
leverage more comprehensive contextual information, such as
the structural patterns of geographical elements and the relation-
ships between geographical elements, to facilitate meaningful
segmentation. This enhanced contextual understanding naturally
reveals the necessity of holistic segmentation of WRI (HSW),
which is a promising research direction. Nevertheless, the GPU
memory consumption grows near-linearly with image size,

0162-8828 © 2025 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and similar technologies.
Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Purdue University. Downloaded on August 02,2026 at 20:31:12 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-6036-459X
https://orcid.org/0000-0001-8079-029X
https://orcid.org/0000-0002-7661-2367
https://orcid.org/0000-0003-2148-2726
https://orcid.org/0000-0002-9994-6773
https://orcid.org/0000-0001-8985-3541
mailto:weichenrs@whu.edu.cn
mailto:bodang@whu.edu.cn
mailto:yansheng.li@whu.edu.cn
mailto:lorenzo.bruzzone@unitn.it
mailto:Ethan.Y.Gao@gmail.com
mailto:ymdeng@cs.cornell.edu
mailto:jingangyu@scut.edu.cn
mailto:liangqiy@purdue.edu
https://weichenrs.github.io/REST
https://doi.org/10.1109/TPAMI.2025.3609767


694 IEEE TRANSACTIONS ON PATTERN ANALYSIS AND MACHINE INTELLIGENCE, VOL. 48, NO. 1, JANUARY 2026

Fig. 1. The necessity of holistic segmentation. When relying solely on small-
size tiles (red boxes), effectively segmenting geographical elements of interest
is challenging in both single-class and multi-class semantic segmentation, due
to intra-class variation and inter-class confusion. By expanding the field of view
to larger tiles (yellow boxes) or even the WRIs, however, models can holisti-
cally leverage contextual information to achieve more precise and meaningful
segmentation.

limiting the capability of common deep learning-based methods
to achieve HSW.

In literature, several pioneering works have recognized the im-
portance of HSW and proposed preliminary methods to address
this challenge. For example, some methods leverage global con-
textual information by exploiting and fusing global-local com-
plementary information from downsampled WRI and cropped
image tiles [20], [21], [22]. However, the indirect downsampling
and fusing results in suboptimal performance without efficiency
improvement. Additionally, although similar problems have
been investigated in related fields, such as whole-slide image
(WSI) recognition in medical image analysis [23], [24], [25]
and long-context extension in large language models [26], [27],
[28], it is non-trivial to adapt these methods to HSW due to
the significant task differences. Overall, existing deep learning
methods fail to enable end-to-end HSW.

In this paper, we present the Robust End-to-end semantic
Segmentation architecture for whole-scene remoTe sensing im-
agery (REST) to directly achieve HSW. In contrast to exist-
ing methods [20], [21], [22], which focus on either cropping
or the fusion of global and local context, our REST aims to
address deep learning-based HSW through an intrinsic end-
to-end solution. To tackle the critical memory limitations of
individual GPUs, REST distributes the computational load of
WRI across multiple GPUs. Based on this, a spatial parallel
interaction mechanism (SPIM) is designed to facilitate informa-
tion exchange among multiple GPUs, ensuring comprehensive
exploration and utilization of global context. The computation in
REST is performed in parallel without significantly compromis-
ing efficiency, and REST demonstrates scalable throughput (i.e.,
processable image size) with an increasing number of GPUs,
thereby effectively enabling HSW. Furthermore, REST naturally
supports advanced semantic segmentation methods with various
encoders and decoder in a plug-and-play fashion, such as the
emerging RSFMs [13], [14], [15].

Specifically, REST starts by dividing the WRI into multiple
spatial regions, each processed by a single encoder on separate
GPUs, as illustrated in Fig. 2(a) and (b). Initially, those separate
encoders operate independently, extracting local spatial features
corresponding to their assigned regions. These features are then
aggregated and enhanced via SPIM, where all-to-all commu-
nication facilitates information exchange across encoders from
separate GPUs along both spatial and channel dimensions. Each
GPU shares the entire features of its corresponding local re-
gion with others and receives partial-channel features from all
remaining local features on other GPUs, covering the entire
spatial region of the WRI. This exchange enables comprehen-
sive feature interaction across GPUs. After that, local features
are concatenated and fused using multi-head self-attention to
capture global context. The globally enriched features are re-
distributed back to their respective GPUs based on the original
spatial regions via another round of all-to-all communication.
As a result, each GPU retains its local features while integrating
global contextual information, enhancing the overall represen-
tation of the WRI. The enhanced features are then passed to
the decoders on separate GPUs to perform final predictions.
Due to SPIM’s ability to extract and leverage global context,
spatial integrity is maintained among these separate predictions,
ensuring deep learning-based HSW. It should be emphasized that
REST can be regarded as a novel feature-level distributed par-
allel training method. While existing parallelization approaches
(e.g., data parallelism, model parallelism, pipeline parallelism,
tensor parallelism, and sequence parallelism) fail to support deep
learning-based HSW, REST enables HSW with lossless global
interaction across the spatial dimension.

To verify the effectiveness of our proposed REST architecture,
we conduct experiments across diverse semantic segmentation
tasks, as shown in Fig. 2(c). Experiments demonstrate that REST
substantially outperforms state-of-the-art (SOTA) methods for
HSW. In summary, our key contributions are three-fold:
� REST, a fundamentally new end-to-end framework for

holistic whole-scene remote sensing segmentation, is pre-
sented. REST processes entire scenes in a single pass
without cropping or stitching, integrates seamlessly with
diverse encoder–decoder backbones in a plug-and-play
fashion. Furthermore, REST can leverage the powerful
representations of RSFMs for further gains.

� We propose SPIM, an innovative spatial parallel interaction
mechanism that dynamically partitions whole-scene fea-
ture maps across multiple GPUs and aggregate global con-
text information effectively. SPIM overcomes single-GPU
memory limitations and delivers near-linear throughput
scalability as additional GPUs are added.

� Extensive experiments on four WRI benchmarks, a
medium-size RSI dataset, and three medical imagery seg-
mentation tasks demonstrate that REST consistently out-
performs state-of-the-art methods across a wide range of
scenarios. Notably, REST achieves strong performance on
large-size medical imagery, highlighting its scalability and
generalization across domains.

The remainder of this paper is organized as follows: Section II
reviews the work related to this paper. Section III details the
proposed REST framework. Section IV presents and analyses
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Fig. 2. Overview of the Robust End-to-end semantic Segmentation architecture for whole-scene remoTe sensing imagery (REST). (a) REST is built on an
encoder, a decoder, and a novel SPIM module bridging them to capture and exploit global contextual information. Note that REST can support various encoders and
decoders. (b) The input WRI is first divided based on the number of available GPUs, with each region distributed to its corresponding GPU for feature encoding.
Within our SPIM, the encoded features undergo all-to-all communication and multi-head attention calculations, interacting with features from other GPUs to extract
global context. These globally enriched features are then redistributed back to their respective GPUs through an inverse communication operation for decoding.
Finally, the processed features are combined to yield a holistic prediction of the WRI. Despite performing feature encoding and decoding operations independently
on each GPU, REST effectively mines the global spatial context of the entire scene within SPIM. (c) REST can accommodate different data types and handle
diverse semantic segmentation tasks, underscoring its versatility.

experimental results. Section V discusses REST’s advantages
and characteristics. Section VI concludes the paper with future
directions.

II. RELATED WORK

A. Semantic Segmentation

Semantic segmentation aims to assign a category label to
each pixel in an image. The advancement of deep learning has
revolutionized semantic segmentation, with convolutional neu-
ral networks (CNNs) and Transformer architectures achieving
unprecedented performance through hierarchical feature learn-
ing. However, when processing WRIs, GPU memory limitations
pose a significant challenge. To address this issue, existing tech-
niques primarily adopt two approaches: cropping and fusion.

1) Cropping-Based Methods: Cropping-based methods di-
vide WRI into local patches to alleviate memory constraints [29],
[30], [31]. Early approaches like PSPNet [32] introduce spatial
pyramid pooling modules to enhance the contextual awareness

of local patches through multi-scale feature fusion. DeepLab-
v3+ [33] employs an encoder-decoder architecture with
depthwise separable convolutions, optimizing computational
efficiency while preserving details. HRNet [34] maintains con-
tinuous high-resolution representations from low to high-level
feature streams through parallel multi-resolution subnetworks,
significantly improving the segmentation accuracy. With the
rise of Transformer architectures [35], [36], SegFormer [37]
proposes a hierarchical encoder without position encoding,
combined with a lightweight decoder, providing flexible support
for dynamic cropping inputs. Although these cropping-based
methods effectively reduce memory usage, they introduce arti-
facts like boundary discontinuities due to the cropping process.

Recently, RSFMs have significantly advanced the perfor-
mance of semantic segmentation [13], [14], [15]. RingMo [16]
introduces a framework that employs generative self-supervised
learning on a large dataset of two million images, excelling in
detecting small objects in complex scenes. GFM [17] proposes
an efficient method for building geospatial foundation models
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through continual pretraining from ImageNet [38] on a diverse
dataset. Satlas [14] provides a large-scale dataset with extensive
annotations to enhance deep learning models’ performance on
geospatial tasks. ScaleMAE [15] focuses on learning multi-
scale representations via masking and reconstruction at different
scales. SatMAE++ [18] extends Transformer-based pretraining
to incorporate multiscale information from various sensors,
with upsampling for reconstruction. SkySense develops a multi-
modal foundation model using a unified self-supervised learning
framework to interpret diverse imagery, including optical and
synthetic aperture radar data [13]. While these RSFMs achieve
improved performance, their massive parameter sizes impose
high demands on GPU memory, further limiting their application
in WRI.

2) Fusion-Based Methods: To mitigate the information frag-
mentation in cropping strategies, researchers have developed
fusion-based semantic segmentation methods that integrate local
details with global contexts [12], [20], [21], [22]. GLNet [12]
proposes an interactive architecture with global and local
branches. The global branch processes downsampled images
to extract semantic contexts, while the local branch focuses on
original resolution patches to capture details. LCF-ALE [20]
further introduces a local-aware context correlation mecha-
nism, utilizing graph convolution to model the spatial topol-
ogy of adjacent patches, significantly improving segmentation
consistency in complex texture areas. MagNet [21] adopts a
progressive coarse-to-fine segmentation strategy, generating a
low-resolution semantic map to capture global structures and
refining edge accuracy through deformable convolution align-
ment with high-resolution features. ISDNet proposes a relation-
aware fusion module that combines shallow texture features with
deep semantic features, achieving adaptive weighted integration
through channel attention mechanisms. These approaches lever-
age innovative feature interaction mechanisms and hierarchical
multi-scale modeling to enhance global semantic consistency
while preserving localized details [22]. However, their practi-
cal implementation faces two key challenges: downsampling
introduces information degradation and noise propagation, and
intensive data I/O interactions result in longer training times that
hinder the scalability of these methods.

In summary, while existing methods partially mitigate GPU
memory consumption and contextual preservation challenges,
neither cropping-based nor fusion-based approaches fundamen-
tally achieve end-to-end HSW.

B. Long-Sequence Processing

The computational demands of WRI, stemming from its large
size, align fundamentally with challenges in long-sequence pro-
cessing. Key strategies emerge from two domains: whole-slide
image recognition addresses massive inputs through tiling or
multi-resolution analysis while preserving spatial relationships,
and long-context extension overcomes sequence length limits
via memory-efficient attention and distributed processing. Both
employ hierarchical processing to balance local details and

global context, which is potentially adaptable to WRI, while
requiring adaptation to its unique spatial semantics.

1) Whole-Slide Image Recognition: WSIs are crucial in com-
putational pathology for their unparalleled ability to capture
detailed tissue structures, yet their huge size presents formidable
computational challenges. To tackle these, several methods have
been designed with unique strategies [23], [24], [25], [39],
[40]. Streaming CNN [23] uses a tiling approach, dividing
large WSIs into smaller tiles to manage memory efficiently,
enabling analysis of images that exceed typical memory limits
while retaining essential details. Building on this, Enhanced
Streaming CNN [39] enhances efficiency with optimizations
that reduce memory usage further and boost processing speed,
ideal for time-sensitive clinical applications. Conversely, Prov-
GigaPath [24] employs a Transformer model to handle extensive
contextual data across numerous tiles, capturing long-range
dependencies vital for understanding complex tissue patterns in
WSIs. Whole-Slide Training [25] takes a direct route, processing
entire WSIs without tiling by leveraging advanced memory man-
agement across multiple GPUs, preserving image integrity for
potentially superior diagnostic outcomes. Meanwhile, STAMP
offers a flexible toolkit with multi-resolution analysis, allowing
adjustment of detail levels to meet varied analysis needs of WSIs,
supporting both detailed and broad perspectives [40]. These
methods address the size and complexity of WSIs, advancing
computational pathology by enabling more effective and effi-
cient diagnostic tools.

2) Long-Context Extension: Processing and effectively
utilizing long sequences poses a significant challenge for deep
learning models, especially Transformer-based large language
models, where the quadratic complexity of self-attention
traditionally limits context length. To address this, researchers
have developed novel model architectures and advanced
training techniques [26], [27], [28], [41]. Early efforts focused
on architectural modifications. Transformer-XL [26], for
instance, introduces segment-level recurrence and state reuse
to enable information flow beyond fixed-length segments,
effectively extending the contextual horizon. Approaches like
Longformer [27] employ sparse attention mechanisms to reduce
the computational cost, thereby allowing models to handle
much longer documents directly. Complementary to extending
context, scaling the training process for the resulting super-large
models is crucial, with research exploring efficient distributed
training techniques, potentially using 2D parallelism, to make
training feasible [41]. DeepSpeed-Ulysses tackles memory
and scalability barriers in long-sequence Transformer training
through sequential parallelism and optimized communication,
enabling linear scaling. Its modular design supports diverse
attention mechanisms and integrates with ZeRO-3 for joint
model and context scaling, circumventing quadratic complex-
ity [28]. These advances address both the technical challenge of
processing longer sequences and the fundamental requirement
for models to utilize information across extended contexts.

In general, although methods for whole-slide image recogni-
tion and long-context extension provide valuable insights into
long-sequence processing, their significant differences from the
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HSW task make adapting these methods to HSW a non-trivial
challenge.

III. METHODS

A. Overview

To clarify how REST works, we detail its steps in Algorithm
1. As shown in Fig. 2(a) and (b), REST allows for the efficient
handling of large-size images by distributing the computational
load of WRI and leveraging the communication across multiple
GPUs, overcoming the limitation of global context awareness
and enhancing the model’s ability to capture long-range depen-
dency. Assuming we have M GPUs, the objective function of
REST can be defined as follows:

min
θ
L(θ) =

M∑
i=1

L(i)(θ),

L(i)(θ) = E(X(i),Y (i))∼D
[
�(θ;X(i),Y (i))

]
, (1)

where θ = {θenc, θspim, θdec}, and θenc, θspim, and θdec represent
the parameters of the encoder, SPIM, and decoder in REST,
respectively. (X(i),Y (i)) denotes the WRI-label pair in the
dataset D. Given the objective function, we describe the REST
algorithm step-by-step in the following.

B. Region Dispatching

LetX ∈ R
H×W×C denote the input WRI, whereH,W repre-

sent the height and width of the WRI respectively, andC denotes
the number of channels. The input image is dispatched along its
height and width into M different, non-overlapping regions:

φ : RH×W×C −→ R
M×(H×W

M ×C), (2)
[
X(1);X(2); . . . ;X(M)

]
= φ(X), X(i) ∈ R

H×W
M ×C , (3)

where φ denotes the dispatching operation, and X(i) represents
the dispatched region of X on GPU i. Concretely, we first
compute log2(M) and then divide this quantity into two parts
to determine the vertical and horizontal partition counts:

sph = 2�
1
2 log2(M)�, (4)

spw = 2log2(M)−� 12 log2(M)�, (5)

such that sph × spw =M , where �·� denotes the floor oper-
ation. Each GPU process, identified by a global rank index
rank ∈ {0, . . . ,M − 1}, then computes its assigned subregion
indices as

indw = rank mod sph, (6)

indh = �rank
sph
�. (7)

We partitionX into sph horizontal strips and select the indhth
one, then further partition that strip into spw vertical blocks and
select the indwth block. This procedure yields M subregion
pairs {X(i)}Mi=1:

X(i) ∈ R
H

sph
× W

spw
×C ∼= R

H×W
M ×C , (8)

Algorithm 1: Algorithm of the Proposed REST.

1: Input: Encoder model θ1enc initialized from pretrained
model; Randomly initialized SPIM θ1spim and decoder
model θ1dec; WRI dataset D; number of available GPUs
M ; number of total iterations niter; learning rate ηθ

2: Output: Converged encoder model θenc, SPIM θspim, and
decoder models θdec; predicted segmentation results P

3: for t = 1, . . . , niter do
4: if not converged then
5: Sample WRI X and ground truth Y from D
6: X(1),X(2), . . . ,X(M) ← φ(X) � Eq. (3)
7: Y (1),Y (2), . . . ,Y (M) ← φ(Y )
8: for i = 1, . . . ,M in parallel do
9: F (i) ← θtenc(X

(i)) � Eq. (5)
10: for j = 1, . . . ,M do
11: GPU i sends F (i)

j to all other GPUs

12: GPU i receives F (j)
i from all other GPUs

13: G
(i)
j ← F

(j)
i � Eq. (6)

14: end for
15: G(i) ← θtspim([G

(i)
1 ,G

(i)
2 , . . . ,G

(i)
M ]) � Eq. (8)

16: for k = 1, . . . ,M do
17: GPU i sends G(i)

k to all other GPUs

18: GPU i receives G(k)
i from all other GPUs

19: F
(i)
k ← G

(k)
i � Eq. (9)

20: end for
21: P (i) ← θtdec(F

(i)) � Eq. (11)
22: end for
23: L ←∑M

i=1(Li(P
(i),Y (i)))

24: θt+1 ← θt − ηθ∇L(θt)
25: end if
26: end for

which are then processed independently on the M GPUs. In
practice, the choice of M can be flexibly adjusted according to
the size of WRI and the number of available GPUs, typically set
to a power of two.

C. Feature Encoding

After the dispatching, X(i) is encoded into features on its
corresponding GPU i:

θenc : R
H×W

M ×C → R
(N×D), (9)

F (i) = θenc(X
(i)), F (i) ∈ R

N×D, (10)

where F (i) denotes the encoded features,D denotes the number
of features, and N = H×W

M . The encoder network model θenc

normally contains several network layers, such as convolutional,
attention, and mamba layers. Without loss of generality, we can
assume that F (i) and X(i) are consistent in spatial dimension,
unaffected by downsampling in the encoder. Note that the en-
coder typically outputs features from multiple stages for subse-
quent operations, but we only present the features from a single
stage here for simplicity. This feature encoding process yields
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features containing only information from the corresponding
region.

D. Spatial Parallel Interaction

To enhance the spatial interaction across the entire WRI,
we design a novel spatial parallel interaction mechanism uti-
lizing the all-to-all communication operation. Specifically, the
encoded features F (i) are first split into M sub-features (i.e.,
attention head) along the channel dimension, with each attention
head maintaining a sub-feature F

(i)
j ∈ R

N× D
M . The number of

attention heads is kept equal to the number of GPUs to ensure
a one-to-one mapping between attention heads and compute
devices. Features on different GPUs interact with each other
in the all-to-all communication. This can be represented as

G
(i)
j = F

(j)
i , ∀i, j ∈ {1, 2, . . . ,M}, (11)

where each GPU i sends its jth sub-feature inF (i) to GPU j and
receives the corresponding sub-features from the other GPUs.
G

(i)
j denotes the sub-feature that GPU i receives from GPU j

on attention head i after the communication. This process can
also be regarded as a transpose operation between the spatial
dimension and the channel dimension from a global perspective.
Then, features on the same GPU i are aggregated by

θspim : RN×D → R
(N×M)× D

M → R
N×D, (12)

G(i) = θspim

(
[G

(i)
1 ,G

(i)
2 , . . . ,G

(i)
M ]

)
,G

(i)
j ∈ R

N× D
M , (13)

where θspim is composed of multiple self-attention layers, and
G(i) ∈ R

(N×M)× D
M ∼= R

H×W× D
M . Thus, the computation in

SPIM is distributed across M GPUs according to the channel
dimension instead of the spatial dimension, with each GPU
responsible for features of D

M channels across the entireH ×W
spatial region, maintaining the spatial integrity. SPIM ensures
a comprehensive and seamless exchange of features, enabling
the model to extract global context information. With SPIM,
REST achieves near-linear throughput-scalability in handling
WRI. After that, the features are sent back to their corresponding
GPUs through the all-to-all communication:

F
(j)
i = G

(i)
j , ∀i, j ∈ {1, 2, . . . ,M}, (14)

E. Feature Decoding

The extracted features from region i are fed into the decoder,
which processes them to generate predictions P (i):

θdec : R
(N×D) → R

H×W
M ×K , (15)

P (i) = θdec(F
(i)), P (i) ∈ R

H×W
M ×K , (16)

where K represents the number of categories. Predictions P (i)

and corresponding ground truth labels Y (i) are used to compute
the loss and optimize the whole model θ = {θenc, θspim, θdec}.
In line with prevailing methods, we employ the UPerNet [42]
architecture as our decoder, which takes multiscale features as
input to handle targets of different scales better. Notably, REST

can also be adapted to many other decoder architectures, as
illustrated in Fig. 10(d) and Supplementary Figure S2.

F. Region Combining

During the testing stage, predictions on each GPU are gath-
ered on GPU 1 to generate the whole prediction P .

ψ : RM×(H×W
M ×K) −→ R

H×W×K , (17)

P = ψ
([

P (1);P (2); . . . ;P (M)
])
, P ∈ R

H×W×K , (18)

where ψ denotes the combining operation. It is noted that the
proposed REST is model-agnostic, which can adapt to differ-
ent types of encoder and decoder network models, including
CNN [43], Transformer [36], as well as the latest Mamba [44].
It is worth noting that, since REST distributes the storage and
computational load across GPUs, it achieves better parallelism
and much higher computational efficiency than global-local
fusion-based methods. At the same time, it maintains high
precision.

G. A General Framework for Holistic Segmentation

Our REST framework delivers a general holistic segmentation
pipeline that readily supports both current and future backbones
(e.g., the emerging RSFMs). Rather than merely sharding input
tiles across GPUs [45] or splitting network layers [41], we
partition the image into independent regions and employ our
SPIM for full crossregion feature exchange and unified attention.
This strategy eliminates boundary artifacts, consolidates global
context, achieves nearlinear scaling as GPUs are added, and
supports genuine plugandplay integration with a wide range of
segmentation architectures.

In practical implementation, REST requires fewer computa-
tional resources during inference than in the training phase, and it
can be deployed on a reduced number of GPUs or within smaller
GPU memory, while still preserving the benefits of global fea-
ture fusion. Users maintain full flexibility in selecting input
resolution and region partitioning, and may incorporate their
preferred encoder–decoder architectures or leverage pretrained
weights obtained from specific datasets with minimal adaptation
overhead. This combination of efficiency and adaptability makes
REST a simple but effective solution for HSW.

IV. EXPERIMENTS AND ANALYSIS

A. Experimental Setup

1) Datasets for HSW: To validate the effectiveness of REST,
we specifically select four representative HSW datasets for
experimentation including: the GLH-Water dataset [49], with
an image size of 12,800×12,800 and three spectral bands;
the Five-Billion-Pixels dataset [50], with an image size of
6,800×7,200 and four spectral bands; the UAVid dataset [51],
with an image size of about 4,096×2,160 and three spectral
bands; and the WHU-OHS dataset [52], with an image size of
around 6,272×6,272 and twenty-four spectral bands. Details
about the datasets can be found in Supplementary Section 8.
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2) Evaluation Metrics: To access the performance, we use
metrics including overall accuracy (OA), mean intersection over
union (mIoU), F1-score, and mean accuracy (mAcc). For the
GLH-Water [49] dataset, we report only the IoU metric for
the positive class (i.e., water), excluding the background class.
Additionally, we report the F1-score for GLH-Water because
it provides a comprehensive reflection of both precision and
recall. For the remaining three multi-class segmentation datasets
(Five-Billion-Pixels [50], WHU-OHS [52], and UAVid [51]), we
provide the IoU metrics for each category, along with mIoU and
OA to reflect overall segmentation performance. Specifically, for
UAVid, we report mAcc instead of OA to align with the results
from Ringmo-Aerial [53].

3) Architectural Configuration: We equip REST with three
distinct types of typical encoders, including a CNN (ConvNeXt-
V2-Large [43]), a state space model (VMamba-Base [44]), and
a Transformer (Swin-Large [36]). Specifically, we utilize the
SkySense-pretrained model for Swin-Large [13], and ImageNet-
pretrained models for the other two (see Supplementary Section
6 and Supplementary Figure S5 for details). The prevalent
UPerNet [42] is selected as the decoder due to its powerful
capabilities. It should be noted that we also conduct experiments
on more encoders and decoders, as shown in Fig. 10(d) and
Supplementary Figure S2.

4) Implementation Details: REST is developed using the
mmsegmentation framework. During the training and testing
phases, the required number of NVIDIA A100 GPUs ranges
from 1 to 16, depending on the chosen sizes during training
and testing. It is important to note that REST imposes no
restrictions on the number of GPUs that can be used. With a
sufficient number of GPUs, REST can scale up the throughput
to handle images with larger sizes. The comparison models are
trained using the same random seed and the default parameters,
initialized with ImageNet-pretrained models. For our REST, the
ConvNeXt and VMamba models are initialized using ImageNet-
pretrained models [38] from corresponding repositories. For the
Swin model, we use SkySense-pretrained models [13] for weight
initialization. The model parameters are tuned with the AdamW
optimizer, based on the minimization of cross-entropy. We use a
two-stage-learning strategy to improve the training efficiency of
our REST. Specifically, we first train models on cropped image
tiles, use the trained weights to initialize the REST, and then
continue training on WRIs. The REST models are trained on
WRIs for 10,000 iterations. All comparison models are trained
for 80,000 iterations on cropped image tiles according to the
official parameter settings in the mmsegmentation framework.

5) Baseline Methods: We compare REST with SOTA seman-
tic segmentation methods. These methods can be categorized
into two groups: cropping-based methods and fusion-based
methods. For cropping-based methods [29], [30], [31], [32],
[33], [34], [37], the WRI is divided into smaller tiles for training
and testing. These methods often fall short in effectively intro-
ducing global context information. We also implement specific
models for water body extraction [54], [55], UAV image segmen-
tation [53], [56], and hyperspectral image segmentation [57],
[58]. For fusion-based methods [12], [20], [21], [22], they aim to
improve performance by combining local tile information with

Fig. 3. Visualization of segmentation results on GLH-Water dataset. REST
accurately extracts the complete water body although it is obscured by clouds,
while the competing methods present omission errors in different locations. All
models use the UPerNet as the decoder. Best viewed in color.

global context. Typically, these methods involve downsampling
the WRI, leading to information degradation and the introduc-
tion of noise or artifacts. Furthermore, fusion-based methods
require extensive data reading and writing operations, resulting
in a longer training time (Table III). To verify the effectiveness
of REST, we compare its performance with these comparison
methods across different semantic segmentation tasks. As shown
in Table I, REST shows improved performance across all tasks.
In the following, we elaborate on the superiority of REST in
various semantic segmentation tasks.

B. Results and Analysis

1) Overall Performance: To analyze the performance of
REST on single-class semantic segmentation task with opti-
cal satellite imagery, we conduct experiments on the GLH-
Water [49] dataset. This dataset features large-size images and
significant intra-class variations. It requires a significant amount
of contextual information to accurately segment the water bodies
within the WRI, which is a very good condition for validating
REST. As displayed in Table I, although cropping-based meth-
ods are limited to performing predictions on cropped image tiles,
Swin-Large-SkySense, a recently proposed RSFM, achieves a
remarkable IoU score of 86.64%, significantly outperforming
all existing methods. The integration of REST further enhances
Swin-Large-SkySense’s capability by enabling HSW, resulting
in a substantial increase of IoU score to 89.15%. Furthermore,
REST demonstrates notable versatility by significantly boosting
the performance of VMamba-Base and ConvNeXt-V2-Large.
These improvements primarily originate from REST’s holistic
segmentation capability. Notably, fusion-based methods fail to
converge to satisfactory performance despite extended training
periods, due to their inherent limitation in parallel processing.
By effectively perceiving and leveraging rich contextual infor-
mation in the WRI, REST achieves precise segmentation of
geographical elements while maintaining their spatial integrity,
as demonstrated in Fig. 3 and Supplementary Figure S6. Besides,
REST also demonstrates a good trade-off between accuracy and
efficiency owing to its high degree of parallelism. As displayed
in Fig. 10(b) and (e), Fig. 11 and Table IV, REST delivers stable
performance gains compared to SOTA baselines (Fig. 10(g)),
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TABLE I
PERFORMANCE COMPARISON OF REST AND DIFFERENT METHODS ON VARIOUS WHOLE-SCENE REMOTE SENSING IMAGE SEGMENTATION TASKS. THE NUMBERS

IN PARENTHESES (E.G., +4.22) AT THE BOTTOM OF THE TABLE REPRESENT THE ACCURACY IMPROVEMENTS ACHIEVED BY THE REST METHOD COMPARED TO

THE CROPPING-BASED BASELINE METHODS (E.G., 82.24→86.46).

TABLE II
PERFORMANCE COMPARISON OF REST AND DIFFERENT METHODS ON SELECTED CATEGORIES OF FIVE-BILLION-PIXELS DATASETS. THE IoU(%) VALUE OF

EACH CATEGORY IS PRESENTED. THE COMPLETE TABLE OF 24 CATEGORIES IS PROVIDED IN SUPPLEMENTARY TABLE S17. THE ABBREVIATIONS AND

CORRESPONDING FULL NAMES OF CATEGORIES ARE PROVIDED IN THE SUPPLEMENTARY TABLE S18.

incurring only a marginal computational cost (Table III). In gen-
eral, contrary to the intuitive assumption that WRI is superfluous
for single-class semantic segmentation, our study demonstrates
the fundamental necessity of HSW, as empirically confirmed
through the experimental results.

To verify the effectiveness of REST on multi-class semantic
segmentation of multispectral satellite imagery and optical Un-
crewed aerial vehicle (UAV) imagery, we conduct experiments
on the Five-Billion-Pixels [50] and the UAVid [51] datasets. In
addition to their large-size attributes, these two datasets possess
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TABLE III
COMPARISON OF PERFORMANCE AND EFFICIENCY ON THE FIVE-BILLION-PIXELS DATASET. TRAINING TIME REPRESENTS THE DURATION REQUIRED FOR THE

MODEL TO TRAIN UNTIL CONVERGENCE, WHILE TESTING TIME DENOTES THE TIME NEEDED TO COMPLETE THE INFERENCE FOR A WRI.

TABLE IV
COMPARISON OF BASELINE METHODS AND OUR PROPOSED REST ON THE

GLHWATER DATASET. UPERNET IS UTILIZED AS THE DECODER FOR ALL

METHODS

distinctive features. The Five-Billion-Pixels dataset comprises
24 fine-grained classes, presenting challenging inter-class simi-
larities that cannot be resolved through analysis of local image
tiles alone. It is essential for models to comprehensively uti-
lize global contextual information and capture the relationships
among geographical elements, which have been empirically
demonstrated as distinctive advantages of REST. As illustrated
in Table II and Fig. 5, the incorporation of REST substantially
enhances the IoU score in most categories, especially for fine-
grained categories with high inter-class similarity. Additionally,
we verify the efficacy and versatility of REST on several other
encoders and decoders, consistently demonstrating its capacity,
as illustrated in Fig. 10(d) and Supplementary Figure S2. When
considering the UAV imagery, its oblique viewing geometry
poses distinct challenges for semantic segmentation, primarily
manifested as substantial scale heterogeneity for the same object
category depending on its distance from the sensor. As presented

Fig. 4. Visualization of segmentation results on WHU-OHS dataset. Even
on the challenging hyperspectral imagery datasets, REST demonstrates better
segmentation results than the competing methods. All models use the UPerNet
as the decoder. Best viewed in color.

in Supplementary Table S16, there is consistent improvement
across almost all categories by integrating REST. VMamba-Base
achieves optimal performance on the UAVid dataset with REST,
even outperforming some methods specifically tailored for UAV
images [53], [56]. Visual comparisons in Fig. 6 demonstrate that
REST substantially enhances the spatial integrity of segmented
objects relative to competing methods. To sum up, experimental
results demonstrate that REST can achieve the best performance
on both satellite and UAV imagery, showing its versatility.

To explore the most arduous task of multi-class semantic seg-
mentation of hyperspectral satellite imagery, we conduct exper-
iments on the WHU-OHS dataset. This dataset is characterized
by two properties: large image size and large number of spectral
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Fig. 5. Segmentation results on Five-Billion-Pixels dataset. REST successfully distinguishes between fine-grained categories (e.g., river, lake, pond) due to the
enriched spatial context, while the results of other competing methods mostly show confusion among these categories. All models use the UPerNet as the decoder.
Best viewed in color.

Fig. 6. Visualization of segmentation results on UAVid dataset. Compared
with other methods, REST precisely identifies the vehicle in the image as a
moving car instead of a static car, completely extracts the road, and significantly
reduces misclassification problems. All models use the UPerNet as the decoder.
Best viewed in color.

channels (each image has a size around 6,272× 6,272 pixels and
24 spectral channels). Simultaneously, it exhibits a severe class
imbalance issue (Supplementary Figure S8) and demonstrates
significant intra-class variability due to the diverse visual appear-
ances present across WRIs. These factors render it difficult for
models to learn robust feature representations, preventing both
the comparison methods and our REST from attaining good
performance. Notwithstanding these challenges, results point
out that the utilization of REST still engenders improvement
in overall accuracy. Supplementary Table S15 illustrates the
category-level results on the WHU-OHS dataset. Certain cat-
egories appear in only a scant few scenes within the validation
and testing sets, thereby heightening the difficulty of model
learning and occasionally leading to zero accuracy for those
specific categories. Even in such challenging circumstances,

REST achieves noticeable improvement, demonstrating its ef-
fectiveness. To sum up, REST stands out as a superior solution
across various tasks for HSW, encompassing diverse spectral
bands, different sensor types, and various category granularities.

2) Global Perception and Robust Representation Ability:
From an explainability perspective, we conduct a focused analy-
sis of REST’s global perception and representation ability, which
are intrinsically coupled characteristics that interact synergisti-
cally. Global perception refers to the ability of REST to focus
both on local details and the entire scene, including the struc-
tures, arrangements, and interactions of different geographical
elements. This involves aggregating information from different
regions of WRI to form a comprehensive understanding, en-
abling the identification of global patterns and dependencies that
might not be apparent when looking at individual components in
isolation. As for the representation ability, it denotes the capacity
to represent and convey meaningful information about the WRI
in the form of features, involving learning complex non-linear
relationships in the image, highlighting important character-
istics, and suppressing noise or redundant information. In the
following, we will discuss these two capabilities separately, as
well as the effects of their coupled interaction.

To investigate the global perception ability, we conduct ex-
perimental analysis across multiple tasks. By facilitating com-
munication and information exchange among multiple GPUs,
REST enables cross-GPU global attention calculation. REST
enables models to perceive global information and mine long-
distance spatial context. As presented in Fig. 3 and Supplemen-
tary Figure S6, the global perception of REST ensures precise
segmentation in single-class semantic segmentation. Utilizing
the long-distance context, REST can preserve the complete
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Fig. 7. Visualization of feature maps on Five-Billion-Pixels dataset. (a) Query
pixels (star). (b) Ground truth maps of query category. (c) Attention maps of
baseline. (d) Attention maps of baseline + our REST. Enhanced with REST, the
model can exploit the features of the entire spatial region in the WRI. Swin-
Large-SkySense with UPerNet is chosen as the baseline. Best viewed in color.

structure of geographical elements, offering a more reliable
segmentation result with fewer errors in both false positives
and false negatives. Besides, the results on multi-class semantic
segmentation further demonstrate REST’s global perception
capability. As depicted in Fig. 5, distinguishing between river
and lake within the fine-grained categories of water bodies poses
significant challenges for existing methods, primarily due to
limited receptive fields. These methods often misclassify the
water bodies within a given tile, leading to serious block effects
in the final result. In contrast, the results of REST show a
substantial alleviation in misclassification. Leveraging global
context, REST correctly segments rivers, lakes, and ponds, high-
lighting its effectiveness. One can see that the global perception
capabilities of REST endow the model with a stronger fine-
grained discrimination ability. Fig. 4 provides similar visualized
results on the hyperspectral WHU-OHS dataset. Compared to
other methods, REST maximally distinguishes the fine-grained
category of reservoir/pond. Moreover, visualization results also
confirm the effectiveness of REST on the UAVid dataset, where
the oblique view of UAV imagery brings additional challenges
to segmentation. As illustrated in Fig. 6, comparison methods
exhibit various issues such as block effects, commission errors,
and omission errors. In contrast, REST effectively distinguishes
cars and accurately extracts roads. Additional visualization re-
sults for the Five-Billion-Pixels dataset, WHU-OHS dataset, and
UAVid dataset are provided in Supplementary Figure S7, S8, and
S9, respectively.

To analyze the representational ability of REST, we perform
experiments on the Five-Billion-Pixels dataset and visualize the
feature distribution. As exemplified in Fig. 7, the first column
shows the original input WRI, where the red, yellow, and blue
stars represent the query pixels. The second column displays
regions of the same category as the query pixel in the ground truth
maps. The third column illustrates the perceivable context infor-
mation using the baseline method, while the last column shows

Fig. 8. Visualization of t-SNE results on Five-Billion-Pixels dataset. Swin-
Large-SkySense with UPerNet is chosen as the baseline. When combined with
REST, the features exhibit more distinct classification boundaries, demonstrating
the robust feature representation ability brought by REST. Best viewed in color.

Fig. 9. The confusion matrices of results on the Five-Billion-Pixels dataset.
(a) The confusion matrix of the baseline. (b) The confusion matrix of baseline
integrating our REST. Swin-Large-SkySense with UPerNet is chosen as the
baseline. After the introduction of REST, the accuracy performance across
various categories improves, and the confusion between fine-grained categories
decreases. Best viewed in color.

the perception area with REST, capturing the whole-scene con-
text. Besides, the response values of feature maps demonstrate
that areas with high values align closely with the ground truth
maps. This alignment reflects that REST adaptively perceives
meaningful information for the query pixel. Additionally, Fig. 8
reflects the features extracted on the Five-Billion-Pixels dataset.
By comparing the two figures on the left and right, one can see
that the feature points in the right figure are more compactly clus-
tered, and the separation between different categories is more
distinct. This indicates that REST helps to improve the model’s
ability to distinguish features from different categories, thereby
enhancing the segmentation performance. Overall, Figs. 7 and
8 illustrate the robust representational capabilities of REST.

The combination of global perception and robust represen-
tation ability in REST helps to achieve discrimination between
fine-grained categories, improving performance while reducing
confusion. To support this, we visualize the confusion matrices
in Fig. 9. The baseline is on the left and the baseline with
REST is on the right. In the matrix, the color transition from
blue to red indicates an increase in values from small to large.
As one can observe from the figure, after incorporating REST,
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the prediction accuracies significantly improve for the vast ma-
jority of categories. Specifically, compared with the baseline,
REST achieves a remarkable increase of 17% to 20% in true
positives for categories such as garden land, artificial meadow,
river, and dry cropland. For categories like industrial area, park
land, pond, fish pond, stadium, overpass, and railway station,
there is a relatively substantial increase between 6% and 10%.
The adoption of REST is of great assistance in discriminating
fine-grained categories that require rich contextual information.
When compared with the baseline, REST shows a slight decrease
in categories such as bareland, rural residential, and airport. This
decrease might be attributed to parameter optimization deviation
and class imbalance. Yet this degree of accuracy reduction is
almost negligible when considering the overall accuracy im-
provement. The Five-Billion-Pixels dataset demonstrates typical
challenges in fine-grained segmentation. Certain inter-class sim-
ilarities among categories lead to confusion. For example, such
confusion arises among dry cropland, irrigated field, and garden
land; among river, lake, pond, and fish pond; among square,
road, overpass, and railway station; as well as among industrial
area, urban residential, rural residential, stadium, square, and
road. Following the utilization of REST, the degree of confusion
among these fine-grained categories is markedly diminished,
indicating a notable enhancement in the model’s fine-grained
discrimination ability and overall performance.

3) Near-Linear Throughput-Scalability With Expansion of
GPUs: Theoretically, REST achieves near-linear throughput-
scalability in handling WRI by distributing the memory load
across multiple GPUs. Here, we define throughput-scalability
as the ability of REST to scale up the throughput and handle
WRI with a larger image size as the number of GPUs expands.
During the HSW, REST divides the WRI into non-overlapping
spatial regions based on the number of available GPUs, with
each region processed on a separate GPU, ensuring balanced
memory utilization. Thus, REST scales up the handleable image
size near-linearly along with expansion of GPUs, as shown
in Fig. 11(b). To validate this theoretical analysis, we detail
the experimental validation of REST’s near-linear throughput-
scalability. In our implementation, when using 16 NVIDIA
A100 GPUs with 40 GB memory, REST can support HSW
with an image size of 12,800×12,800 during testing and handle
images with a size of 4,096×4,096 during training (with the
batch size set to 8). As expected, one can observe that the
training stage requires more GPUs than the testing stage when
handling images of the same size due to the requirement to store
intermediate features and gradients. It is noted that, whether in
training or testing, REST can achieve HSW when a sufficient
number of GPUs are available.

To analyze the throughput-scalability, we conduct a series
of experiments on the Five-Billion-Pixels dataset, with Swin-
Large-SkySense with UPerNet as the baseline. It should be noted
that due to GPU memory limitations, the baseline methods are
limited to supporting a maximum training image size of 1,024×
1,024pixels. In contrast, REST features throughput-scalability,
enabling progressive expansion of supported training image
sizes with an increasing number of GPUs. However, the trend
of segmentation performance varying with image size is not

entirely consistent with our expectations. The investigation, as
shown in Fig. 10(c), elucidates three critical phenomena through
empirical analysis. First, REST demonstrates consistent perfor-
mance enhancement across all evaluated training image sizes,
exemplified by its 2.28% mIoU improvement over the baseline
at the training image size of 1,024×1,024, validating its capacity
to enhance feature representation. Second, our experimental
analysis reveals distinct stage-dependent size-accuracy relation-
ships. On the one hand, testing-stage evaluations exhibit a 3.60%
mIoU gain for the baseline at a fixed training image size of
1,024×1,024 when testing image sizes increase, pointing out the
necessity of holistic segmentation during testing. On the other
hand, training-stage experiments demonstrate a 3.96% mIoU
improvement as training image sizes expand from 256×256
to 1,024×1,024, confirming that enhanced feature learning ca-
pacity at larger training image sizes. Third, REST’s scalability
boundaries emerge at extreme training image sizes, which is a
limitation stemming from the dual mechanisms of expanded spa-
tial context perception and introduced information redundancy
in the training stage. Although maintaining an advantage over
the baseline performance, further expansion to 4,096×4,096
induces a 1.36% mIoU degradation, This phenomenon exhibits
stage-specific manifestations: large-size training inputs propa-
gate noise prior to feature stabilization. However, the trained
models strategically leverage expanded contexts through atten-
tion mechanisms in the testing stage, evidenced by the mIoU gain
when testing image sizes increase under all training conditions.
Consequently, the empirically validated optimal configuration
combines a training image size of 1,024×1,024 with a testing
image size of 6,800×7,200.

To analyze from the perspective of the model parameters,
we conduct comprehensive experiments across all four WRI
datasets. Since the WRI is typically replete with a variety of
details, in order to precisely represent such intricate information,
the model should be equipped with a large number of parameters
to capture features across different scales and positions. As the
input image size increases, the complexity of the information en-
capsulated within the WRI increases significantly. Theoretically,
the model demands more parameters to process this information
effectively. For instance, consider a scenario where the model
can learn effectively with small-size images usingN parameters.
As the input size expands, the model might need 4N , 16N , or
an even greater quantity of parameters to extract the information
and achieve an accuracy equivalent to or surpassing that of the
scenario with a small input size. However, if the model parameter
remains static at N , the model may face a parameter shortage
when confronted with large-size images. This can impede the
model from fully leveraging all the information in the input
image, making it difficult to capture complex features and
relationships, and even resulting in a decline in performance.
We surmise that an optimal input image size for specific tasks
and particular categories likely exists. Supplementary Figure S3
presents more results to support this.

4) Efficiency Analysis: The proposed REST framework sig-
nificantly enhances the efficiency of RSFMs by enabling holistic
processing of large-size imagery while maintaining manage-
able computational demands. As shown in Fig. 11(a), unlike
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Fig. 10. Comprehensive performance of REST. (a) Per-class result comparison on the Five-Billion-Pixels dataset is shown, and Swin-Large-SkySense with
UPerNet is chosen as the baseline. The bar chart shows the average performance over five repeated experiments, and the dots indicate the individual performance of
each experiment. The error bars indicate the interval spanning one standard deviation about the mean (mean± std), derived from five independent experimental
repetitions. (b) Comparison of performance (IoU) and efficiency (testing time) of different methods on the GLH-Water dataset. (c) Performance of REST with
different baselines (i.e., encoders and decoders) on the Five-Billion-Pixels dataset. (d) Performance of REST on the Five-Billion-Pixels dataset with different
image sizes using Swin-Large-SkySense with UPerNet as the baseline. Here we adopt the notation size = Y as a concise representation for size = Y × Y to
simplify size descriptions. (e-g) Comparison of different methods in terms of training time, supported image size, and mIoU. SkySense and LCF-ALE represent
the top-performing cropping-based and fusion-based methods, respectively. As shown, SkySense struggles with large-size WRI and exhibits limited accuracy.
LCF-ALE can only leverage degraded (i.e., downsampled) information, resulting in suboptimal performance in both efficiency and accuracy. Specifically, our
REST effectively utilizes whole-scene context, achieving superior accuracy while maintaining acceptable training time. Best viewed in color.
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Fig. 11. Efficiency analysis of REST. (a) REST further improves the strong capabilities of various RSFMs. (b) The GPU memory consumption of REST with
different image sizes during training. (c) IoU score improvement and inference time variation across different testing image sizes, with diminishing returns and
communication bottlenecks. (d) Inference time reduction with 1–4 NVIDIA A100 GPUs and increase with 8 GPUs due to inter-node communication at 2,048
testing image size. (e) Inference time trends with NVIDIA RTX3090 GPUs at 2,048 testing image size.

traditional RSFMs constrained to processing cropped 2,048×
2,048 tiles, REST allows these models to handle entire remote
sensing scenes with improved performance, despite introducing
only minimal parameter increases. Training efficiency analysis
in Fig. 11(b) reveals REST’s near-linear GPU memory consump-
tion growth with increasing image sizes on the Five-Billion-
Pixels dataset, as shown by the blue data points and their red
fitted curve. This predictable memory pattern directly supports
the observed sublinear throughput scalability when expanding
GPU resources.

When evaluating inference efficiency (Fig. 11(c)), three clear
operational patterns emerge. First, for smaller inputs ranging
from 256× 256 to 1,024× 1,024, parallel processing acceler-
ates inference with underutilized GPUs. Second, at moderate
sizes between 1,024× 1,024 and 2,048× 2,048, GPU utilization
approaches saturation, forcing the framework to offload compu-
tations to CPU and host memory, which increases latency. Third,
with ultra-large images exceeding 4,096× 4,096, multi-GPU
deployments maintain per-GPU loads equivalent to single-GPU
processing of 2,048× 2,048 tiles. However, this scaling in-
troduces critical communication bottlenecks, particularly from
8,192×8,192 to 12,800×12,800, where inter-node coordination
increases inference time by approximately 25% compared to
ideal expectations. These limitations persist in fixed-size ex-
periments with 2,048× 2,048 inputs (Fig. 11(d)): scaling from

1 to 4 GPUs reduces per-GPU computational load, but the
accompanying communication overhead diminishes potential
speed improvements. The pattern further manifests in 8-GPU
configurations where cross-node communication replicates the
latency issues observed in variable-size testing.

Notably, the framework’s behavior remains consistent across
hardware environments, as confirmed by single-node RTX3090
experiments (Fig. 11(e)) that exhibit similar diminishing returns
in multi-GPU scaling. These systematic observations collec-
tively validate REST’s ability to process large-size imagery
while exposing a fundamental constraint: current communi-
cation architectures, especially inter-node links, become the
dominant bottleneck when distributing ultra-large remote sens-
ing workloads. The results suggest that advanced networking
solutions such as InfiniBand, though unavailable in the current
test environment, could potentially mitigate these limitations.

Table IV provides a comprehensive comparison of the base-
line segmentation models and their RESTenhanced counterparts
on the GLHWater dataset, using UperNet as the decoder for all
methods. We report both the total number of parameters and
the floatingpoint operations (FLOPs), alongside the resulting
segmentation accuracy in terms of IoU and F1 score. Integrating
REST consistently boosts accuracy by up to 5.96% IoU and
3.31% F1, while only incurring a modest increase in computa-
tional cost. Notably, SPIM’s own FLOPs and parameter count

Authorized licensed use limited to: Purdue University. Downloaded on August 02,2026 at 20:31:12 UTC from IEEE Xplore.  Restrictions apply. 



CHEN et al.: REST: HOLISTIC LEARNING FOR END-TO-END SEMANTIC SEGMENTATION OF WHOLE-SCENE REMOTE SENSING IMAGERY 707

TABLE V
ABLATION STUDY OF REST ON THE FIVE-BILLION-PIXELS DATASET. THE

TABLE REPORTS THE RESULTING MIOU AND TRAINING TIME.

TABLE VI
COMMUNICATION FREQUENCY SENSITIVITY ANALYSIS ON THE

FIVE-BILLION-PIXELS DATASET. THE TABLE REPORTS THE RESULTING MIOU
AND INFERENCE TIME IMPACT OF DISABLING COMMUNICATION MODULES AT

EACH STAGE (�: ENABLED, ’–’: DISABLED).

remain invariant to the number of GPUs employed. To further
enhance efficiency and versatility, we introduce a selective KV
compression mechanism to substantially reduce communication
and computational overhead and develop lightweight variants to
ensure scalability in resource-constrained scenarios. See Sup-
plementary Section 3 for details.

5) Ablation Study and Parameter Analysis: We conduct a
comprehensive ablation study to evaluate the individual contri-
butions and sensitivity of key components in REST. The anal-
ysis focuses on the effects of spatial partitioning, inter-region
communication, and attention configuration. Through controlled
comparisons, we quantify the trade-offs between model accu-
racy and computational cost, and identify design choices that
most effectively enhance segmentation performance.

In the ablation study (Table V), the spatial partitioning base-
line without attention or communication achieves 69.08% mIoU
in 73 minutes. Adding only attention raises mIoU slightly to
69.18% but increases training to 114 minutes. Enabling both
attention and communication in full SPIM pushes mIoU to
69.51% at 213 minutes, demonstrating a clear precision benefit
for the added module.

The communication sensitivity results (Table VI) show that
full fourstage exchanges yield the highest mIoU (71.50%) at
24.51 seconds per forward pass. Disabling stage 0 reduces
accuracy by just 0.07% while saving around 7.6 seconds, and
disabling later stages incurs less than 0.22% drops with modest
speedups. Removing earlystage communication entirely drops
mIoU to 70.99% but cuts about 9 seconds, highlighting a tunable
speed–accuracy tradeoff.

Table VII shows that increasing training heads from four
to twelve raises mIoU, reaching 71.50% when trained with
twelve heads and tested with four, while using sixteen heads
offers no further gain. Under any fixed training setting, raising

TABLE VII
PARAMETER SENSITIVITY STUDY OF ATTENTION HEADS ON THE

FIVE-BILLION-PIXELS DATASET. THE TABLE REPORTS THE RESULTING MIOU.
ROWS AND COLUMNS CORRESPOND TO THE NUMBER OF HEADS USED DURING

TRAINING AND TESTING.

the number of heads at test time leads to lower accuracy. For
example, training with twelve heads and testing with eight,
twelve or sixteen heads yields mIoU values of 71.47%, 71.44%
and 71.38% respectively.

In addition to the core component ablations, we further vali-
date the versatility and robustness of our framework in the Sup-
plementary Section 3. Specifically, we integrate a scale-adaptive
attention module to enhance performance on small-scale objects,
demonstrate the synergy of our method with various class-
balancing techniques for handling rare categories, and confirm
its resilience against input and label noise through dedicated
noise interference experiments. We also incorporate an edge
alignment loss to improve stitching consistency at multi-GPU
boundaries with negligible computational impact. These com-
prehensive analyses affirm that REST is a robust and adaptable
framework for tackling diverse real-world challenges.

V. DISCUSSION

REST enhances the emerging remote sensing foundation
models: RSFMs [13], [14], [15], [16], [17], [18] have emerged
as a transformative solution to address the challenges of remote
sensing interpretation. By significantly scaling up model pa-
rameters, RSFMs demonstrate superior feature representation
and generalization capabilities compared to traditional deep
learning-based methods. While their substantially larger pa-
rameter sizes endow RSFMs with considerable potential for
handling HSW, this potential remains underutilized due to their
substantial GPU memory requirements, which currently restrict
them to processing cropped image tiles at reduced size. Notably,
REST effectively unlocks the full potential of existing RSFMs
by scaling them up to support a larger image size, as evidenced
in Fig. 11(a). The achievement of HSW through REST requires
between 4 to 16 NVIDIA A100 GPUs with 40 GB memory,
depending on the specific RSFM’s parameter size. Experimental
results confirm that REST can be seamlessly integrated with
RSFMs, and their synergistic combination significantly en-
hances HSW performance. Additional technical analysis and im-
plementation details are provided in Supplementary Section 2.

REST offers advantages of versatility and minimal overhead:
The proposed REST framework demonstrates remarkable ver-
satility in supporting diverse data types and model architectures,
as evidenced by comprehensive results in Table I, Fig. 10(d), and
Supplementary Figure S2. It significantly enhances both over-
all and fine-grained category accuracy across various encoder-
decoder combinations, including Swin, VMamba, ConvNeXt,
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and ViT encoders paired with UPerNet, Mask2Former, and
SegViT decoders, underscoring its wide applicability and ef-
fectiveness. At its core, REST leverages SPIM, an architecture-
agnostic mechanism that seamlessly integrates with mainstream
models in a plug-and-play manner, ensuring adaptability to
emerging high-performance models for HSW. Unlike existing
fusion-based methods, which are constrained by their inability to
perform HSW and suffer from excessive computational redun-
dancy, REST introduces minimal overhead, requiring only 5%
to 10% additional computational resources and time to enable
HSW while delivering consistent accuracy improvements, as
quantitatively demonstrated in Fig. 10(b), Tables III, and IV.

REST shows promising potential for applications in the med-
ical field: Beyond RSIs, the segmentation of large-size medical
images remains a formidable challenge that has garnered ex-
tensive research interest [23], [24], [25], [39], [40]. While most
existing methods target whole-slide image classification, their
direct translation to pixellevel segmentation is often inadequate.
To assess REST’s generality, we applied it to three medical
benchmarks, including the ISIC dermoscopic dataset [59], the
CRAG histopathology dataset [60], and the Synapse multiorgan
CT dataset. REST consistently outperforms classic convolu-
tional and transformerbased baselines in each domain, achieving
stateoftheart accuracy while robustly handling diverse scales and
complex anatomical patterns. These results underscore REST’s
adaptability across vastly different medical imaging tasks. See
Supplementary Section 4 for details and further analysis.

VI. CONCLUSION

The REST architecture marks a significant step forward in
HSW. By employing the proposed SPIM, REST addresses GPU
memory constraints, enabling precise and efficient whole-scene
segmentation. Its plug-and-play compatibility with various en-
coders and decoders, including foundation models, ensures ver-
satility across diverse segmentation tasks. REST consistently
outperforms traditional cropping and fusion-based methods, es-
tablishing itself as a robust solution for HSW. However, REST’s
reliance on multiple GPUs may restrict its use in resource-
limited settings, and SPIM’s all-to-all communication could
introduce overhead in real-time scenarios. Future research could
focus on optimizing SPIM for reduced communication costs,
like exploring hybrid parallelization. Additionally, integrating
lightweight models could enable deployment on edge devices,
enhancing practical applicability. In general, REST lays a solid
foundation for end-to-end semantic segmentation for WRIs.

ACKNOWLEDGMENT

Numerical calculations in this paper have been done on the
GPUs of the Supercomputing Center of Wuhan University.

REFERENCES

[1] P. M. Vitousek, H. A. Mooney, J. Lubchenco, and J. M. Melillo, “Human
domination of earth’s ecosystems,” Science, vol. 277, pp. 494–499, 1997.

[2] V. Zalles et al., “Rapid expansion of human impact on natural land in South
America since 1985,,” Sci. Adv., vol. 7, 2021, Art. no. eabg1620.

[3] W. Zhang, G. Villarini, G. A. Vecchi, and J. A. Smith, “Urbanization exac-
erbated the rainfall and flooding caused by hurricane harvey in Houston,”
Nature, vol. 563, pp. 384–388, 2018.

[4] T. P. Roland et al., “Sustained greening of the antarctic peninsula observed
from satellites,” Nature Geosci., vol. 17, pp. 1121–1126, 2024.

[5] K. Wu et al., “A semantic-enhanced multi-modal remote sensing foun-
dation model for earth observation,” Nature Mach. Intell., vol. 7,
pp. 1235–1249, 2025.

[6] Y. Li et al., “STAR: A first-ever dataset and a large-scale benchmark for
scene graph generation in large-size satellite imagery,” IEEE Trans. Pattern
Anal. Mach. Intell., vol. 47, no. 3, pp. 1832–1849, Mar. 2025.

[7] N. Casagli, E. Intrieri, V. Tofani, G. Gigli, and F. Raspini, “Landslide
detection, monitoring and prediction with remote-sensing techniques,”
Nature Rev. Earth Environ., vol. 4, pp. 51–64, 2023.

[8] Y. Li et al., “MEET: A million-scale dataset for fine-grained geospatial
scene classification with zoom-free remote sensing imagery,” IEEE/CAA
J. Automatica Sinica, vol. 12, no. 5, pp. 1004–1023, May 2025.

[9] M. Reichstein et al., “Deep learning and process understanding for data-
driven earth system science,” Nature, vol. 566, pp. 195–204, 2019.

[10] X. X. Zhu et al., “Deep learning in remote sensing: A comprehensive
review and list of resources,” IEEE Geosci. Remote Sens. Mag., vol. 5,
no. 4, pp. 8–36, Dec. 2017.

[11] Y. Li, W. Chen, Y. Zhang, C. Tao, R. Xiao, and Y. Tan, “Accurate cloud
detection in high-resolution remote sensing imagery by weakly supervised
deep learning,” Remote Sens. Environ., vol. 250, 2020, Art. no. 112045.

[12] W. Chen, Z. Jiang, Z. Wang, K. Cui, and X. Qian, “Collaborative global-
local networks for memory-efficient segmentation of ultra-high resolution
images,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern Recognit., 2019,
pp. 8924–8933.

[13] X. Guo et al., “SkySense: A multi-modal remote sensing foundation model
towards universal interpretation for earth observation imagery,” in Proc.
IEEE/CVF Conf. Comput. Vis. Pattern Recognit., 2024, pp. 27662–27673.

[14] F. Bastani, P. Wolters, R. Gupta, J. Ferdinando, and A. Kembhavi, “Sat-
lasPretrain: A large-scale dataset for remote sensing image understanding,”
in Proc. IEEE/CVF Int. Conf. Comput. Vis., 2023, pp. 16726–16736.

[15] C. J. Reed et al., “Scale-MAE: A scale-aware masked autoencoder for
multiscale geospatial representation learning,” in Proc. IEEE/CVF Int.
Conf. Comput. Vis., 2023, pp. 4065–4076.

[16] X. Sun et al., “RingMo: A remote sensing foundation model with masked
image modeling,” IEEE Trans. Geosci. Remote Sens., vol. 61, 2023,
Art. no. 5612822.

[17] M. Mendieta, B. Han, X. Shi, Y. Zhu, and C. Chen, “Towards geospatial
foundation models via continual pretraining,” in Proc. IEEE/CVF Int.
Conf. Comput. Vis., 2023, pp. 16806–16816.

[18] M. Noman, M. Naseer, H. Cholakkal, R. M. Anwar, S. Khan, and F. S.
Khan, “Rethinking transformers pre-training for multi-spectral satellite
imagery,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern Recognit., 2024,
pp. 27811–27819.

[19] Y. Li et al., “MFVNet: A deep adaptive fusion network with multiple field-
of-views for remote sensing image semantic segmentation,” Sci. China Inf.
Sci., vol. 66, 2023, Art. no. 140305.

[20] W. Liu, Q. Li, X. Lin, W. Yang, S. He, and Y. Yu, “Ultra-high resolution
image segmentation via locality-aware context fusion and alternating local
enhancement,” Int. J. Comput. Vis., vol. 132, pp. 5030–5047, 2024.

[21] C. Huynh, A. T. Tran, K. Luu, and M. Hoai, “Progressive semantic
segmentation,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern Recognit.,
2021, pp. 16755–16764.

[22] S. Guo et al., “ISDNet: Integrating shallow and deep networks for efficient
ultra-high resolution segmentation,” in Proc. IEEE/CVF Conf. Comput.
Vis. Pattern Recognit., 2022, pp. 4361–4370.

[23] H. Pinckaers, B. van Ginneken, and G. Litjens, “Streaming convolu-
tional neural networks for end-to-end learning with multi-megapixel im-
ages,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 44, pp. 1581–1590,
Mar. 2022.

[24] H. Xu et al., “A whole-slide foundation model for digital pathology from
real-world data,” Nature, vol. 630, pp. 181–188, 2024.

[25] C.-L. Chen et al., “An annotation-free whole-slide training approach to
pathological classification of lung cancer types using deep learning,”
Nature Commun., vol. 12, 2021, Art. no. 1193.

[26] Z. Dai, Z. Yang, Y. Yang, J. Carbonell, Q. Le, and R. Salakhutdinov,
“Transformer-XL: Attentive language models beyond a fixed-length con-
text,” in Proc. 57th Annu. Meeting Assoc. Comput. Linguistics, 2019,
pp. 2978–2988.

[27] I. Beltagy, M. E. Peters, and A. Cohan, “Longformer: The long-document
transformer,” 2020, arXiv: 2004.05150.

Authorized licensed use limited to: Purdue University. Downloaded on August 02,2026 at 20:31:12 UTC from IEEE Xplore.  Restrictions apply. 



CHEN et al.: REST: HOLISTIC LEARNING FOR END-TO-END SEMANTIC SEGMENTATION OF WHOLE-SCENE REMOTE SENSING IMAGERY 709

[28] S. A. Jacobs et al., “System optimizations for enabling training of extreme
long sequence transformer models,” in Proc. 43rd ACM Symp. Princ.
Distrib. Comput., 2024, pp. 121–130.

[29] Y. Yuan, X. Chen, and J. Wang, “Object-contextual representations
for semantic segmentation,” in Proc. Eur. Conf. Comput. Vis., 2020,
pp. 173–190.

[30] A. Kirillov, Y. Wu, K. He, and R. Girshick, “PointRend: Image seg-
mentation as rendering,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern
Recognit., 2020, pp. 9799–9808.

[31] M. Fan et al., “Rethinking BiSeNet for real-time semantic segmenta-
tion,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern Recognit., 2021,
pp. 9716–9725.

[32] H. Zhao, J. Shi, X. Qi, X. Wang, and J. Jia, “Pyramid scene parsing
network,” in Proc. IEEE Conf. Comput. Vis. Pattern Recognit., 2017,
pp. 2881–2890.

[33] L.-C. Chen, Y. Zhu, G. Papandreou, F. Schroff, and H. Adam, “Encoder-
decoder with atrous separable convolution for semantic image segmenta-
tion,” in Proc. Eur. Conf. Comput. Vis., 2018, pp. 801–818.

[34] J. Wang et al., “Deep high-resolution representation learning for visual
recognition,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 43, no. 10,
pp. 3349–3364, Oct. 2021.

[35] A. Dosovitskiy et al., “An image is worth 16x16 words: Transformers for
image recognition at scale,” in Proc. Int. Conf. Learn. Representations,
2021, pp. 1–21.

[36] Z. Liu et al., “Swin transformer: Hierarchical vision transformer using
shifted windows,” in Proc. IEEE/CVF Int. Conf. Comput. Vis., 2021,
pp. 10012–10022.

[37] E. Xie, W. Wang, Z. Yu, A. Anandkumar, J. M. Alvarez, and P.
Luo, “SegFormer: Simple and efficient design for semantic segmenta-
tion with transformers,” in Proc. Adv. Neural Inf. Process. Syst., 2021,
pp. 12077–12090.

[38] J. Deng, W. Dong, R. Socher, L.-J. Li, K. Li, and L. Fei-Fei, “ImageNet:
A large-scale hierarchical image database,” in Proc. IEEE Conf. Comput.
Vis. Pattern Recognit., 2009, pp. 248–255.

[39] S.-C. Huang et al., “Deep neural network trained on gigapixel images
improves lymph node metastasis detection in clinical settings,” Nature
Commun., vol. 13, 2022, Art. no. 3347.

[40] O. S. M. El Nahhas et al., “From whole-slide image to biomarker pre-
diction: End-to-end weakly supervised deep learning in computational
pathology,” Nature Protoc., vol. 20, pp. 293–316, 2025.

[41] Q. Xu and Y. You, “An efficient 2D method for training super-large deep
learning models,” in Proc. IEEE Int. Parallel Distrib. Process. Symp., 2023,
pp. 222–232.

[42] T. Xiao, Y. Liu, B. Zhou, Y. Jiang, and J. Sun, “Unified perceptual
parsing for scene understanding,” in Proc. Eur. Conf. Comput. Vis., 2018,
pp. 418–434.

[43] S. Woo et al., “ConvNeXt V2: Co-designing and scaling ConvNets with
masked autoencoders,” in Proc. IEEE/CVF Conf. Comput. Vis. Pattern
Recognit., 2023, pp. 16133–16142.

[44] Y. Liu et al., “VMamba: Visual state space model,” in Proc. Adv. Neural
Inf. Process. Syst., 2024, pp. 103031–103063.

[45] S. Li et al., “PyTorch distributed: Experiences on accelerating data parallel
training,” Proc. VLDB Endowment, vol. 13, no. 12, pp. 3005–3018, 2020.

[46] K. He, X. Zhang, S. Ren, and J. Sun, “Deep residual learning for image
recognition,” in Proc. IEEE Conf. Comput. Vis. Pattern Recognit., 2016,
pp. 770–778.

[47] J. Long, E. Shelhamer, and T. Darrell, “Fully convolutional networks
for semantic segmentation,” in Proc. IEEE Conf. Comput. Vis. Pattern
Recognit., 2015, pp. 3431–3440.

[48] K. Simonyan and A. Zisserman, “Very deep convolutional networks for
large-scale image recognition,” in Proc. Int. Conf. Learn. Representations,
2015, pp. 1–14.

[49] Y. Li, B. Dang, W. Li, and Y. Zhang, “GLH-water: A large-scale dataset for
global surface water detection in large-size very-high-resolution satellite
imagery,” in Proc. AAAI Conf. Artif. Intell., 2024, pp. 22213–22221.

[50] X.-Y. Tong, G.-S. Xia, and X. X. Zhu, “Enabling country-scale land cover
mapping with meter-resolution satellite imagery,” ISPRS J. Photogram-
metry Remote Sens., vol. 196, pp. 178–196, 2023.

[51] Y. Lyu, G. Vosselman, G.-S. Xia, A. Yilmaz, and M. Y. Yang, “UAVid: A
semantic segmentation dataset for UAV imagery,” ISPRS J. Photogram-
metry Remote Sens., vol. 165, pp. 108–119, 2020.

[52] J. Li, X. Huang, and L. Tu, “WHU-OHS: A benchmark dataset for large-
scale hersepctral image classification,” Int. J. Appl. Earth Observ. Geoinf.,
vol. 113, 2022, Art. no. 103022.

[53] W. Diao et al., “RingMo-Aerial: An aerial remote sensing foun-
dation model with a affine transformation contrastive learning,”
2024, arXiv:2409.13366.

[54] B. Dang and Y. Li, “MSResNet: Multiscale residual network via self-
supervised learning for water-body detection in remote sensing imagery,”
Remote Sens., vol. 13, no. 16, 2021, Art. no. 3122.

[55] J. Kang, H. Guan, D. Peng, and Z. Chen, “Multi-scale context extractor
network for water-body extraction from high-resolution optical remotely
sensed images,” Int. J. Appl. Earth Observ. Geoinf., vol. 103, 2021,
Art. no. 102499.

[56] S. Yi, X. Liu, J. Li, and L. Chen, “UAVformer: A composite transformer
network for urban scene segmentation of UAV images,” Pattern Recognit.,
vol. 133, 2023, Art. no. 109019.

[57] X. Huang, M. Dong, J. Li, and X. Guo, “A 3-D-swin transformer-based hi-
erarchical contrastive learning method for hyperspectral image classifica-
tion,” IEEE Trans. Geosci. Remote Sens., vol. 60, 2022, Art. no. 5411415.

[58] L. Tu, J. Li, X. Huang, J. Gong, X. Xie, and L. Wang, “S2HM2: A spectral–
spatial hierarchical masked modeling framework for self-supervised fea-
ture learning and classification of large-scale hyperspectral images,” IEEE
Trans. Geosci. Remote Sens., vol. 62, 2024, Art. no. 5517019.

[59] P. Tschandl, C. Rosendahl, and H. Kittler, “The HAM10000 dataset,
A large collection of multi-source dermatoscopic images of common
pigmented skin lesions,” Sci. Data, vol. 5, 2018, Art. no. 180161.

[60] S. Graham et al., “MILD-Net: Minimal information loss dilated network
for gland instance segmentation in colon histology images,” Med. Image
Anal., vol. 52, pp. 199–211, 2019.

Wei Chen received the BS degree in remote sensing
science and technology, and the MS degree in survey-
ing and mapping engineering from Wuhan University,
Wuhan, China, in 2019. He is currently working to-
ward the PhD degree with the School of Remote Sens-
ing and Information Engineering, Wuhan University,
Wuhan, China. He has published several papers in
Remote Sensing of Environment, Science China In-
formation Sciences, etc. His research interests include
remote sensing semantic segmentation and large-size
remote sensing image interpretation.

Lorenzo Bruzzone (Fellow, IEEE) received the lau-
rea (MS) degree in electronic engineering, in 1993,
and the PhD degree in telecommunications, in 1998
from the University of Genoa, Italy. He is currently
a full professor of telecommunications with the Uni-
versity of Trento. He is the founder and the director of
the Remote Sensing Laboratory with the Department
of Information Engineering and Computer Science.
He has authored more than 400 journal articles, 390
conference papers, and 25 book chapters, accumu-
lating more than 56 500 citations with an hindex

of 109. His research interests include remote sensing, radar and SAR, signal
processing, machine learning, and pattern recognition. He is editor/co-editor
of 18 books/conference proceedings and two scientific books. He has been the
founder of the IEEE Geoscience and Remote Sensing Magazine for which he
has been editor-in-chief between 2013–2017. He currently serves as associate
editor for IEEE Transactions on Geoscience and Remote Sensing.

Bo Dang received the BS degree in remote sens-
ing science and technology from Wuhan University,
Wuhan, China, in 2022. He is currently working to-
ward the PhD degree with the School of Remote Sens-
ing and Information Engineering, Wuhan University.
He has published several papers in CVPR, AAAI,
ISPRS Journal of Photogrammetry and Remote Sens-
ing, etc. His research interests include remote sensing
semantic segmentation and remote sensing founda-
tion model.

Authorized licensed use limited to: Purdue University. Downloaded on August 02,2026 at 20:31:12 UTC from IEEE Xplore.  Restrictions apply. 



710 IEEE TRANSACTIONS ON PATTERN ANALYSIS AND MACHINE INTELLIGENCE, VOL. 48, NO. 1, JANUARY 2026

Yuan Gao received the BS degree in biomedical
engineering and the MS degree in pattern recognition
and intelligent systems from the Huazhong Univer-
sity of Science and Technology, Wuhan, China, in
2009 and 2012, respectively, and the PhD degree in
electronic engineering from the City University of
Hong Kong, Hong Kong, in 2016. He was a visiting
student with the Department of Statistics, University
of California at Los Angeles, Los Angeles, in 2015.
He is currently an associate professor of the Com-
putational and Photogrammetric Vision Team with

Wuhan University. His research interests include multi-modality and Multi-Task
AI, with its efficiency in training and inference, and its applications mainly to
computer vision.

Youming Deng received the BS degree in remote
sensing science and technology from Wuhan Univer-
sity, Wuhan, China, in 2022. He is currently work-
ing toward the PhD degree with the Department of
Computer Science, Cornell University, New York.
He has published a first-authored paper in ECCV.
His research interests include scene graph generation,
computer vision, and 3D vision.

Jin-Gang Yu received the BS degree from Xi’an
Jiaotong University, Xi’an, China, in 2005, and the
MS and PhD degrees from the Huazhong University
of Science and Technology (HUST), Wuhan, China,
in 2007 and 2014, respectively. He was a postdoctoral
research associate with the Department of Computer
Science and Technology, University of Nebraska at
Lincoln, Lincoln, Nebraska, from 2014 to 2016. He
spent three years as a research and development
engineer with ZTE Corporation, Shenzhen, China,
and with Nortel Networks Corporation, Guangzhou,

China, before starting the PhD Program with HUST. He joined the South China
University of Technology, Guangzhou, China, in 2016, where he is currently
an associate professor. His research interests include computer vision, pattern
recognition, and machine learning.

Liangqi Yuan (Student Member, IEEE) received the
BE degree from Beijing Information Science and
Technology University, Beijing, China, in 2020, and
the MS degree from Oakland University, Rochester,
Michigan, in 2022. He is currently working to-
ward the PhD degree with the School of Electrical
and Computer Engineering, Purdue University, West
Lafayette, Indiana. His research interests are in the
areas of sensors, the Internet of Things, signal pro-
cessing, and machine learning.

Yansheng Li (Senior Member, IEEE) received the BS
degree in information and computing science from
Shandong University, Weihai, China, in 2010, and
the PhD degree in pattern recognition and intelligent
system from the Huazhong University of Science and
Technology, Wuhan, China, in 2015. He is currently
a full professor and vice dean with the School of Re-
mote Sensing and Information Engineering, Wuhan
University, Wuhan, China. He has authored more than
100 peer-reviewed papers, such as Nature Machine
Intelligence, IEEE Transactions on Pattern Analysis

and Machine Intelligence, International Journal of Computer Vision. His re-
search interests include knowledge graph, deep learning and their applications in
remote sensing Big Data mining. He is an associate editor of IEEE Transactions
on Geoscience and Remote Sensing.

Authorized licensed use limited to: Purdue University. Downloaded on August 02,2026 at 20:31:12 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


